Purpose: Melatonin (MEL) is an effective antioxidant in numerous experimental models, both in vitro and in vivo. However, it should be stressed that there are also papers reporting limited antioxidative activity of MEL or even giving evidence for its pro-oxidative properties. In the present paper we investigated the influence of MEL on the oxidative damage of human erythrocytes during prolonged incubation. Material/Methods: Human erythrocytes suspended in phosphate-buffered saline (PBS), pH 7.4 were incubated at 37ºC either in absence or presence of melatonin at concentration range 0.02 mM-3 mM for up to 96 hrs. The influence of MEL on erythrocyte damage was assessed on the basis of the intensity of intracellular oxidation processes (the oxidation of HbO 2 , GSH, fluorescent label DCFH 2 ) as well as damage to the plasma membrane (lipid peroxidation, the potassium leakage) and the kinetics of hemolysis. Results: The prolonged incubation of erythrocytes induced a progressive destruction of erythrocytes. Melatonin prevented lipid peroxidation and hemolysis whereas the oxidation of HbO 2 and DCFH 2 was enhanced by melatonin at concentrations higher than 0.6 mM. In the case of erythrocytes incubated with 3 mM of MEL, the hemolysis rate constant (0.0498±0.0039 H%•h -1 ) was 50% lower than that of the control while the HbO2 oxidation rate constants were about 1.4 and 1.5 times higher for 1.5 and 3 mM of MEL, respectively. Melatonin had no influence on the oxidation of GSH and the potassium leakage. Conclusions: Probably, MEL can stabilize the erythrocyte membrane due to interaction with lipids, thus prolonging the existence of cells. On the contrary, in the presence of MEL the accelerated oxidation of HbO2 and generally, increased oxidative stress was observed in erythrocytes. Pro-and antioxidative properties of melatonin depend on the type of cells, redox state, as well as experimental conditions.
InTRoduCTIon
In mammalians melatonin (MEL) regulates circadian day and night rhythms, seasonal biorhythms, vascular tone, cancer inhibition, etc. [1, 2] . There are many papers indicating that MEL is an effective antioxidant in numerous experimental models, both in vitro and in vivo. Its antioxidant activity relies on direct scavenging of reactive oxygen (ROS) and nitrogen (RNS) species as well as indirect control and/or modulation of the processes which disturb the balance between anti-and pro-oxidative species in biological systems [3] [4] [5] [6] . This activity shows that MEL can play an important role in the reduction of oxidation stress under various conditions where free radicals are generated [7] . ROS are considered to be etiological factors of aging and of many metabolic diseases [8] . By decreasing the level of ROS, MEL can prevent oxidative damage to biologically important molecules [9] [10] [11] [12] [13] [14] [15] . However, it should be stressed that there are also papers reporting limited antioxidative activity of MEL [16] [17] [18] or even giving evidence for its pro-oxidative properties [19] [20] [21] [22] . In addition, it has been reported that the in vitro antioxidant and pro-oxidant activity of MEL depends on its concentration [23, 24] . Taking the above literature into consideration, it seems that the antioxidative mechanisms of MEL activity are more complex than it has been thought so far. Therefore, in the present paper, we decided to investigate the infl uence of MEL on the oxidative damage of human erythrocytes during prolonged incubation in phosphate-buffered saline (PBS), pH 7.4 at 37ºC.
Mature human erythrocytes are an appropriate model for studying the oxidative damage during prolonged incubation of the cells in PBS at 37 ºC which probably triggers ROS mediated damage [25, 26] . While erythrocytes are a source of ROS, they are also extremely sensitive to oxidative damage. Then, devoid of cellular organelles, they cannot replace their damaged components. Thus oxidative damage may induce permanent defects which fi nally lead to hemolysis in vitro. Taking into consideration data concerning the way of functioning of MEL depending on its concentration in various experimental systems, we examined the relationship between MEL concentration and the level of damage induced by oxidative stress generated during prolonged incubation of erythrocytes in PBS at 37ºC.
MATERIAlS And METHodS

Chemicals
Melatonin (MEL), 2′,7′-dichlorofl uorescin diacetate (DCFH 2 -DA), sodium tungstate, tiobarbituric acid (TBA), trichloroacetic acid (TCA), dithiothreitol (DTT), sodium dodecyl sulphate (SDS) were purchased from Sigma-Aldrich (Poznan, Poland).
All other chemicals and solvents used were of analytical grade.
Preparation of erythrocyte suspension
Erythrocytes were prepared from heparinized human blood. Blood samples were obtained from apparently healthy adult donors by venipuncture. Erythrocytes were separated from blood plasma and leukocytes by centrifugation and washed four times with phosphate-buffered saline (PBS), pH 7.4. Supernatant and buffy coat were carefully removed by aspiration after each wash. They were then suspended in PBS to obtain a hematocrit of 2%.
Incubation of erythrocytes
The 2% erythrocyte suspensions in PBS were incubated at 37ºC either in presence or absence of melatonin. The fi nal concentrations of melatonin in the samples were: 0.02, 0.1, 0.6, 1.5, 3.0 mM. The samples were incubated for 96 h under aerobic conditions in the presence of antibiotics (penicillin and streptomycin). Melatonin was dissolved in PBS by stirring at 40ºC for 2 h in the dark.
Measurement of hemolysis
Hemolysis of erythrocytes was determined as described earlier [27] . The measurements of hemolysis were performed after 3, 8, 12, 24, 72 and 96 hours of erythrocyte incubation at 37ºC. The absorbance was measured at 523 nm (isobestic point for HbO 2 and MetHb).
The percentage of hemolysis was calculated according to the following equation:
where: A 1 -absorbance of Hb at 523 nm in the supernatant A 2 -absorbance of Hb at 523 nm after total hemolysis of the remaining erythrocytes
Measurement of methemoglobin (MetHb)
The percentage of MetHb in erythrocytes was determined on the basis of measurement of absorbance at 630 nm after their hemolysis. The absorbance of solutions was measured before and after oxidation of oxyhemoglobin (HbO 2 ) with K 3 [Fe(CN) 6 ]. The content of MetHb was calculated according to the following equation:
Measurement of intracellular GSH
GSH was determined by Ellman's method with some modifications [28, 29] . In brief, erythrocyte suspension (hematocrit of 2%, volume of 0.75 mL) was centrifuged and the pellet of 0.15 mL was re-suspended in 1 mL 40 mM H 2 SO 4 . After 10 min incubation at 22ºC, 0.15 mL 300 mM Na 2 WO 4 was added. The samples were shaken for 5 min and centrifuged. The clear supernatant (0.6 mL) was mixed with 0.75 mL of 1 M Tris-HCl buffer, pH 8 and 0.06 mL of DTNB. The GSH content was determined spectrophotometrically at 412 nm using the absorption coeffi cient 13.6 mM
Measurement of lipid peroxidation
Lipid peroxidation was quantifi ed by measuring the formation of thiobarbituric acid reactive substances TBARS [30] . Erythrocyte suspensions were mixed in a ratio of 1:1 with a solution containing 15% (w/v) trichloroacetic acid (TCA), 0.375% (w/v) thiobarbituric acid (TBA) and 0.25 M HCl. After 10 min incubation and centrifugation the supernatant was separated, heated in boiling water for 15 min, cooled and centrifuged. The absorbance of the supernatant was measured at 532 nm. Lipid peroxidation was expressed in absorbance units.
Potassium efflux
The erythrocyte suspensions were centrifuged at 650g for 10 min. The resulting supernatant was taken for assay of potassium content. The concentration of potassium was measured by flame atomic emission spectrometry using a SpectrAA-300 apparatus (Varian, Australia).
Preparation of erythrocyte membranes
Erythrocyte membranes were prepared according to the method of Dodge et al. [31] with some modifications. Hemolysis was carried out at 4ºC with 20 volumes of 20 mM Na-phosphate buffer (pH 7.4) containing 1 mM EDTA and 0.5 mM PMSF as an inhibitor of proteases. The membrane ghosts were washed successively with 20, 10 and 5 mM ice-cold Na-phosphate buffer (pH 7.4) until the ghosts were free of residual hemoglobin. The protein concentration in the membrane preparations was determined by a method of Lowry et al. [32] .
Polyacrylamide gel electrophoresis (SdS-PAGE)
Erythrocyte membrane proteins were analyzed by SDS-PAGE as described earlier [33] . Erythrocyte membranes were solubilized by addition of a solution containing: 10% SDS, 0.05% bromophenol blue in 0.25 M Tris-HCl buffer (pH 6,8) with or without 0.5 M dithiothreitol (DTT). After incubation at 90ºC for 5 min, the samples containing 1mg/mL of protein were subjected to one dimensional SDS-PAGE. Electrophoresis were carried out with 4% and 7.5% gels for condensation and separation, respectively, in Tris-HCl buffer pH 8.8 containing 0.1% SDS. Electrophoresis was carried out in a Bio-Rad system with current of 20 mA. Protein bands were visualized by staining with Coomassie Brillant Blue R-250. The gels were digitalized and analyzed with the software GelScan (KTE, Poland). The relative quantities of proteins in selected bands were expressed as percentage of the total protein quantity.
oxidation of dCFH 2
DCFH 2 -DA (2',7'-dichlorodihydrofluorescein diacetate) is widely used as a marker for studies of oxidative stress at the cellular level. Diacetate form of DCFH 2 is cell-permeable and hydrolyzed in the cell by intracellular esterases to DCFH 2 which, upon reaction with oxidizing species, forms its 2-electron oxidation product, the highly fluorescent compound 2'-7'-dichlorofluorescein (DCF). The oxidation of DCFH 2 is thought to occur as a result of the reaction of H 2 O 2 with heme protein catalysts e.g.: peroxidase, cytochrome c or Fe 2+ [34, 35] .
Suspensions of erythrocytes (2%) were incubated with 20 mM DCFH 2 -DA for 30 min in the dark at 37ºC. The DCF fluorescence intensity was measured with a BD LSR II flow cytometer at 488 nm and 530 nm for excitation and emission, respectively.
Statistical analysis
Data were reported as the mean±standard deviation of at least triplicate determinations.
The data were analyzed with Fisher-Snedecor test (F test) with level of significance p<0.05.
RESulTS
Studying the influence of MEL on oxidative damage of erythrocyte during prolonged incubation, the cells were incubated as described above in the absence (control) or in the presence of MEL at the following concentrations: 0.02; 0.1; 0.6; 1.5; 3 mM. The influence of MEL on erythrocyte damage was assessed on the basis of the intensity of intracellular oxidation processes, damage to the plasma membrane and the kinetics of hemolysis.
Intracellular oxidation processes during erythrocyte prolonged incubation in the presence of melatonin
The incubation of erythrocytes induced a marked and progressive oxidation of HbO 2 , whose level decreased with time of incubation (Fig. 1) . The obtained data were fitted to linear equations. The slopes of these curves corresponded to the rate constants of the oxidation of HbO 2 . The rate constants were presented in Tab. 1 and indicated that the kinetics of hemoglobin oxidation in erythrocytes incubated with 0.02 mM and 0.1 mM MEL was the same as in the control. A slight increase in the rate constant, though statistically insignificant, was observed in case of erythrocytes incubated with 0.6 mM MEL. However, a statistically significant increase in the oxidation rate in comparison to the control was observed in erythrocytes incubated with 1.5 and 3 mM of MEL. In these cases, the rate constants were about 1.4 and 1.5 times higher than the rate constant of the control. The presented results show that MEL, at sufficiently high concentrations, shows prooxidative properties with respect to hemoglobin.
It should be underlined that the absorption spectra of hemoglobin in erythrocytes incubated for 72 hours recorded in the range of 460-700 nm did not indicate the presence of any denatured forms of hemoglobin (Fig. 2) . As a criterion of the possible presence of hemichromes, the ratio A 505 /A 563 was determined for totally oxidized hemoglobin [36] . The value of this ratio for native hemoglobin is about 2.3. The values 2.3-2.1 were observed for hemoglobin in erythrocytes incubated in the studied experimental systems. A slight decrease was observed only after 96 hours of incubation.
The intensity of the oxidation processes in incubated cells was shown by a very rapid decrease in the concentration of reduced glutathione (Tab. 2). After 24 hours of incubation only 34% of GSH remained in the reduced form and MEL did not affect this process. Hemoglobin oxidation and loss of GSH suggested that there was a high level of oxidation stress, which was measured by DCFH 2 . DCFH 2 was oxidized to a highly fluorescent product (DCF). The intensity of DCF fluorescence reflects the level of intracellular ROS and other oxidizing species (Fig. 3) . The level of DCF in control cells and those incubated with 0.02 and 0.1 mM MEL did not differ. A statistically significant increase in fluorescence in comparison to control was observed in erythrocytes incubated with 0.6 mM MEL after 72 hours of incubation. In the case of 1.5 mM MEL, the increase in fluorescence of DCF was observed either after 48 or 72 hours. Fig. 4 illustrates the intensity of lipid peroxidation in control erythrocytes and in those incubated with 0.02 mM and 0.1 mM of MEL. The level of lipid peroxidation was expressed in absorbance units corresponding to the substances reacting with TBA. It should be pointed out that at concentrations higher than 0.1 mM, MEL itself produced a positive reaction with TBA. As it can be seen in Fig. 4 , the level of lipid peroxidation increased with incubation time but a marked rise in TBARS was observed only after 24 hours of incubation. Further incubation slightly influenced their increase. In the presence of 0.02 mM MEL after 24 hours of incubation there was a statistically significant decrease in lipid peroxidation. At longer incubation times and 0.1 mM of MEL the differences in TBARS levels between erythrocytes incubated with and without MEL remained within the experimental error but with a tendency to decrease in the presence of MEL.
Modification of the plasma membrane of erythrocytes
Membrane proteins of erythrocytes incubated without MEL and in the presence of 0.1 mM and 0.6 mM of MEL were examined by the SDS-PAGE method in the presence and absence of DTT. The obtained patterns of separation are presented in Fig. 5 . The incubation of erythrocytes leads to the aggregation of membrane proteins. After 48 hours of incubation, the participation of the aggregate fraction in the membrane protein was equal to 11.5%. The extension of the incubation time to 72 h led to an increase in the aggregate fraction to 13%. The presence of MEL during erythrocyte incubation did not influence the level of aggregates. It should be stressed that the aggregate fractions were not found in the preparations of membrane proteins before incubation of erythrocytes. The presence of aggregates is connected to a simultaneous disappearance of bands 4.2, 4.9 and actin as well as a decrease in band 3 protein by a few per cent. However, the amount of spectrin was not changed. The level of aggregates was decreased and reached 5% after reduction with DTT, which indicates that the aggregation was mainly caused by the formation of disulfide bonds. It is important to point out that under the same conditions bands 4.2 and actin are visible, whereas the level of band 3 protein does not change. Melatonin present during erythrocyte incubation does not significantly change the observed effects connected to the oxidative damage of erythrocytes during prolonged incubation.
The changes in the erythrocyte membrane led to an increase in the efflux of potassium ions. The leak of potassium increased with incubation time up to 48 hours, reaching a balanced level of about 1.2-1.4 mM in medium. The presence of MEL did not change the course of this process (data not shown).
Melatonin affects hemolysis
Erythrocytes incubated for up to 96 hours were subjected to gradual hemolysis. The fraction of the hemolysis in all the experimental systems grew in a linear manner with incubation time (Fig. 6) . The slopes of these curves are defined as the rate constants of hemolysis. The inset in Fig. 6 illustrates the relationship between the rate constants of hemolysis and the concentration of MEL. In the range of applied incubation time, hemolysis took place relatively slowly. In control samples, i.e. . In samples incubated with MEL the level of hemolysis and rate constants were different depending on MEL concentration. MEL at concentrations of 0.02 mM and 0.1 mM did not affect the hemolysis rate. In the presence of 0.6, 1.5 and 3 mM MEL erythrocyte hemolysis took place slower than in the control. In these experimental systems, the rate constants of hemolysis decreased with increased MEL concentration. In the case of erythrocytes incubated with 3 mM MEL, the hemolysis rate constant (0.0498±0.0039 H%•h -1 ) was 50% lower than that of the control. Thus, 0.6, 1.5 and 3 mM MEL inhibited erythrocyte hemolysis under conditions used in this work.
dISCuSSIon
The results presented in this paper reveal that the effects of MEL on human erythrocytes under the conditions of accelerated damage generated during prolonged incubation of erythrocytes in PBS at 37 ºC remain in the range from prooxidative to antioxidative. These effects are related to MEL concentration and also to the kind of examined parameters characterizing the damage of the cells. As it was mentioned in the introduction, the generally known theories concerning oxidative damage of erythrocyte during prolonged incubation [26, 37, 38] suggest that the basis of this process is oxidative damage to the plasma membrane components, which finally leads to hemolysis. Oxidative cellular damage is initiated by ROS. The source of ROS in erythrocytes is hemoglobin, which undergoes autoxidation to methemoglobin producing O 2 - [39] . Both products of autoxidation are dangerous for cells. MetHb is the first step in the formation of the harmful hemichromes. Superoxide is easily transformed into the potent oxidant H 2 O 2 . Under physiological conditions, significant oxidative damage is prevented by a very efficient system consisting of small antioxidant compounds such as GSH, vitamin E, vitamin C, and enzymes such as GSH-peroxidase (GSH-Px), catalase, superoxide dismutase (SOD), and MetHb-reductase. ROS can be detoxicated and MetHb is reduced to ferro-Hb. An important role in erythrocyte antioxidant defense is played by reduced co-enzymes. NADH produced by the glycolytic pathway is the main reductant of MetHb to ferro-Hb. NADPH produced by the hexose monophosphate shunt is a co-substrate for glutathione reductase and plays an important role in maintaining the catalytic activity of catalase [26] .
Under the conditions used in this work, i.e. PBS without glucose, erythrocytes were deprived of the exogenous energy source. Thus, with the prolongation of the incubation time, the metabolic processes of erythrocytes, i.e. the production of reducing equivalents: NADH and NADPH decreased gradually. As a result, the efficiency of the erythrocyte defense system declined. The lack of a properly functioning defense system resulted in increased hemoglobin oxidation (Fig. 1) . At the same time, the increase in the fluorescence of DCFH 2 indicated increased oxidative stress in the cells (Fig. 3) .
On the basis of literature data, it is known that even though DCFH 2 oxidation is a non-specific reaction, it is mainly caused by H 2 O 2 [34, 40] , which in case of improperly functioning catalase is a source of further ROS generation. Under these conditions erythrocytes underwent an accelerated damage, which in this work was shown by loss of reduced glutathione (Tab. 2), increased lipid peroxidation (Fig.  4) , membrane protein aggregation (Fig. 5) and a leak of potassium from cells. These modifications finally led to erythrocyte hemolysis.
In the presence of MEL at concentrations of 1.5 and 3.0 mM we observed the accelerated oxidation of ferro-Hb in comparison to control (without MEL) and generally increased oxidative stress in the cells. The acceleration of hemoglobin oxidation in the presence of the above MEL concentrations indicated its reaction with hemoglobin. It is generally known that hemoglobin reacts with various redox active compounds [41] . Some of them react directly, while some others via reactive intermediates. Gilad and Zisapel [42] showed that MEL bound to hemoglobin but not directly to the heme group. Results obtained by these authors suggested that MEL was bound to the HbO 2 state. It may be proposed that binding MEL to HbO 2 functions as an allosteric effector changing the protein structure and tending to accelerate heme Fe(II) oxidation. At such MEL concentrations as 0.6 mM and lower, probably the binding positions are not completely saturated and thus accelerated HbO 2 oxidation is not observed.
Tan et al. [43] hypothesized that MEL recycled NAD • to NADH and as a consequence, NADH promoted more H 2 O 2 formation via reaction: there were no enzymatic systems which could protect hemoglobin against oxidation.
Under the conditions used in our work we observed the accelerated level of H 2 O 2 for MEL concentrations above 0.6 mM (Fig. 3) . Thus, we can assume that MEL presence in the erythrocyte suspensions incubated in the glucose-free medium (very low levels of NADH, NADPH and ATP in erythrocytes) may lead to the H 2 O 2 overproduction. However, either the efficiency of this reaction in erythrocytes is much lower compared to cell-free systems or the mechanism of MEL action is different.
Hemoglobin oxidation leads to the loss of its capability of oxygen binding. The relationship between HbO 2 oxidation and MEL concentration suggests the possibility of choosing such MEL concentrations at which it does not influence MetHb levels, but at the same time it positively influences other parameters of erythrocytes. Under the conditions applied in this work, it seems that the optimal MEL concentration would be 0.6 mM. In that case, there was not any accelerated increase in MetHb levels. However, defense against hemolysis was visible.
Another indicator of the intracellular oxidation processes is also the amount of GSH present in cells. GSH concentration rapidly declined in the cells during the first 24 hours of incubation. MEL was not able to prevent the depletion of intracellular GSH, and the loss of GSH was about 70% (Tab. 2).
GSH is an important intracellular antioxidant which protects cells against oxidative damage. GSH may be oxidized to GS-SG as a result of direct scavenging of ROS or during elimination of H 2 O 2 and lipid peroxides during GSH-Px activity, which used GSH as a cofactor or indirectly through the participation in repairing processes as a reductor of oxidized protein thiol groups. A low GSH level suggests that GSH is the first line antioxidant defense to combat oxidative damage to proteins and lipids. This conclusion was confirmed in other studies in which erythrocytes were subjected to radiation [27, 44] or chemically induced ROS [30] .
Thus, in the present work, MEL did not influence the level of GSH within the incubation time. If erythrocytes cannot defend themselves adequately against free radicals, they are subjected to accelerated oxidative damage caused by endogenously generated ROS.
In the presence of MEL, a further destruction of incubated erythrocytes appeared at various intensity depending on its concentration. In fact, a visible influence of MEL on erythrocytes was observed at a concentration of 0.6 mM and higher. Concentrations lower than 0.6 mM did not influence the hemolysis rate (Fig. 6) or the level of oxidative stress. However, in the case of lipid peroxidation a slight effect of MEL at a concentration of 0.02 mM suggests its antioxidative action. The fact that it is impossible to determine lipid peroxidation at higher concentrations of MEL does not allow us to make clear inferences. It seems that the peroxidation inhibition at low MEL concentrations contributes to its stabilizing effect on the lipid bilayer, which could lead to hemolysis inhibition.
It should be stressed that despite the decrease in the erythrocyte hemolysis rate in the presence of 0.6 mM of MEL, its influence on the membrane proteins was not observed. The membrane proteins of incubated erythrocytes were subjected to aggregation which took place mainly by disulfide bridges. The presence of MEL during the erythrocyte incubation did not influence the level of aggregates, which showed that MEL did not protect thiol protein groups.
Nevertheless, as far as the influence of MEL on the lipids and proteins of the erythrocyte membrane under oxidation stress is concerned, there are contradictory data in the literature. Although Tesoriere et al. [45] did not observe any influence of MEL on lipid peroxidation induced in erythrocytes by cum-OOH, they observed partial protection of the membrane proteins by MEL against oxidative modifications. Furthermore, Sadowska-Woda et al. [46] observed that 2 mM of MEL had no effect on beta-cyfluthrin induced lipid peroxidation and hemolysis of human erythrocytes.
On the other hand, Dikmenoglu et al. [47] showed that MEL at a relatively high concentration prevented MDA formation in erythrocytes exposed to H 2 O 2 . At the same time, MEL led to increased erythrocyte deformation, which suggests increased oxidative damage to membrane proteins. These findings indicate that MEL has an antioxidant effect on lipids and a pro-oxidant effect on proteins. The pro-oxidant effect of MEL resulting from inducing increased intracellular ROS formation was observed in U937 cells [20] . In Jurkat cells MEL caused the promotion of fast-induced cell death [19] .
ConCluSIonS
The results of our work show that MEL can present pro-and antioxidative properties in the same cells, which depend on the components of the cells interacting with MEL. Out of the concentrations of MEL used in this work, 0.6 mM is optimal, as then MEL does not present any prooxidative properties (no Hb oxidation, no ROS increase). Additionally, MEL at 0.6 mM protects erythrocytes against hemolysis. Probably, MEL stabilizes the erythrocyte membrane due to interaction with lipids, thus prolonging the existence of cells. In spite of the fact that erythrocytes were starved in our experiments and the levels of NADH, ATP and NADPH must have been low, we had no convincing evidence that MEL recycled NAD radicals efficiently to NADH in human erythrocytes, since GSH and hemoglobin were oxidized and the increase of H 2 O 2 was rather low even at very high concentrations of MEL.
Taking into consideration our results and studies concerning the influence of MEL on other cells, one could propose that its pro-and antioxidative properties depend on the type of cells, redox state, as well as experimental conditions.
